This study sought to evaluate the potential of circulating long non-coding RNAs (lncRNAs) as biomarkers for acute myocardial infarction (AMI). We measured the circulating levels of 15 individual lncRNAs, known to be relevant to cardiovascular disease, using the whole blood samples collected from 103 AMI patients, 149 non-AMI subjects, and 95 healthy volunteers. We found that only two of them, Zinc finger antisense 1 (ZFAS1) and Cdr1 antisense (CDR1AS), showed significant differential expression between AMI patients and control subjects. Circulating level of ZFAS1 was significantly lower in AMI (0.74 ± 0.07) than in non-AMI subjects (1.0 ± 0.05, P < 0.0001), whereas CDR1AS showed the opposite changes with its blood level markedly higher in AMI (2.18 ± 0.24) than in non-AMI subjects (1.0 ± 0.05, P < 0.0001). When comparison was made between AMI and non-AMI, the area under ROC curve was 0.664 for ZFAS1 alone or 0.671 for CDR1AS alone, and 0.691 for ZFAS1 and CDR1AS combination. Univariate and multivariate analyses identified these two lncRNAs as independent predictors for AMI. Similar changes of circulating ZFAS1 and CDR1AS were consistently observed in an AMI mouse model. Reciprocal changes of circulating ZFAS1 and CDR1AS independently predict AMI and may be considered novel biomarkers of AMI.
Scientific RepoRts | 6:22384 | DOI: 10.1038/srep22384 mRNA-like transcripts lacking significant open reading frames or protein-coding capacity [8] [9] [10] [11] , are emerging as an important layer in the gene regulatory network. As opposed to miRNAs, another class of regulatory RNAs, that are only 19 ~ 25 nt long, lncRNAs range in length from 200 nts to ~100 kilobases (kb). The growing body of literature has provided ample evidence for the critical role of lncRNAs in controlling a wide spectrum of biological processes through diverse but yet poorly understood molecular mechanisms, despite that only a handful of lncRNAs have been functionally and molecularly characterized [10] [11] [12] . LncRNA expression is highly variable, with greater tissue specificity compared to protein-coding mRNAs, and only 1% of the lncRNAs are ubiquitously expressed across all tissues examined. These properties of lncRNAs make them potential new biomarkers for disease diagnosis and prognosis. Indeed, recent studies have unraveled that expression of lncRNAs is temporal-and spatial-dynamically regulated by many factors and aberrant expression of lncRNAs has been increasingly documented in developmental programs, cancers, neuronal disorders, diabetes, etc. Most prominently, lncRNAs are readily detectable in a number of human body fluids such as serum 13 , plasma [14] [15] [16] , saliva 17 , and urine 18, 19 , making them promising and attractive in the search of novel biomarkers in body fluid samples and noninvasive and rapid diagnostic tool for disease diagnosis and prognosis.
On the basis of available data in the literature, we proposed that circulating lncRNAs are epigenetic biomarkers for AMI and can be used to predict cardiovascular risk. This study was designed to test our hypothesis by identifying circulating lncRNA biomarkers for AMI with human blood samples and in a mouse model with blood and myocardium tissues. We have also analyzed the power of candidate lncRNAs to predict cardiac risk event, correlated them with known biomarkers, and assessed the regulatory role of these lncRNAs in cardiac function.
Results
Clinical Characteristics of the Study Population. Blood samples were collected from a total of 138 AMI patients, 149 non-AMI control subjects, and 95 healthy volunteers. Among the 138 AMI blood samples, 103 were from patients with ischemic time ≤ 12 h (an average of ischemic time = 3.5 h), 20 with ischemic time ≤ 12 h but without complete medical records, and 15 with ischemic time ranging from 24-36 h. Therefore, only 103/138 AMI patients were included in our detailed statistical analyses in the following sections to comply with our goal for early detection, despite that the same experimental results held for true the patients with ischemic time longer than 12 h. AMI patients were aged 60.71 ± 11.05 years, comparable with the healthy volunteers (HV, 54.30 ± 12.69 years) and non-AMI control subjects (57.85 ± 11.92 years). There were no significant differences between AMI and non-AMI in the status hypertension and diabetes mellitus (Table 1) .
Reciprocal Changes of ZFAS1 and CDR1AS Blood Levels in AMI Patients. Our Fig. 1A , of 15 lncRNAs tested, only ZFAS1 (Zinc finger antisense 1) and CDR1AS (Cdr1 antisense) demonstrated significant differences in the whole blood samples between AMI, non-AMI, and HV. Circulating level of ZFAS1 was significantly lower in AMI (0.74 ± 0.07) than in non-AMI subjects (1.0 ± 0.05, P < 0.0001) and healthy volunteers (1.22 ± 0.08, P < 0.0001), whereas CDR1AS showed the opposite changes with its blood level markedly higher in AMI (2.18 ± 0.24) than in control populations (1.0 ± 0.05 in non-AMI subjects, 1.09 ± 0.10 in healthy volunteers, P < 0.0001). Specifically, circulating level of ZFAS1 was 25.7% and 39.2% lower in AMI than in non-AMI subjects and in volunteers (Fig. 1C, Table 2 ), whereas CDR1AS showed the opposite changes in the bloodstream with its level 2.2 fold and 2.0 fold higher in AMI than in non-AMI and in healthy subjects (Fig. 1D , Table 2 ). The median Ct value for ZFAS1 was 23.3, ranging from 20.2-26.2; and the median Ct value for CDR1AS was 22.2 with a range from 17.9-26.6.
Since circulating miR-1, a miRNA belonging to another class of non-coding RNAs, has been documented to be a new miRNA biomarker for AMI by several laboratories 7, [20] [21] [22] [23] [24] , we included this miRNA in our analysis for comparison. As depicted in Fig. 1B , miR-1 level was found to be significantly elevated in AMI blood samples, verifying the previous finding and serving as a positive control in this study. These results indicate that ZFAS1 and CDR1AS both exist in the human blood with good stability and high abundance just like miR-1 (known as a highly stable and abundant miRNA species in the circulation).
Evaluation of Circulating ZFAS1 and CDR1AS as New Biomarkers for AMI. Having established that ZFAS1 and CDR1AS are present in the peripheral circulation and their blood levels are anomaly altered in AMI patients, we sought to determine the potential utility of circulating ZFAS1 and CDR1AS as diagnostic biomarkers of AMI. To this end, ROC analysis was performed to evaluate the predictive power of circulating ZFAS1 or CDR1AS alone and combination of the two for AMI. When comparison was made between AMI and non-AMI, the area under ROC curve (AUC) was 0.664 (95%CI = 0.594 ~ 0.733) for ZFAS1 alone ( Fig. 2A) , 0.671 (95%CI = 0.600 ~ 0.742) for CDR1AS alone (Fig. 2B) , and 0.691 (95%CI = 0.622 ~ 0.760) for ZFAS1 and CDR1AS combination (ZFAS1 + CDR1AS, Fig. 2C ). When comparison was made between AMI and HV, the values were 0.732 (95%CI: 0.662 ~ 0.803), 0.657 (0.581 ~ 0.734), and 0.752 (0.684 ~ 0.820) for ZFAS1, CDR1AS, and ZFAS1 + CDR1AS, respectively (Fig. 2D-F) .
The univariate analysis with logistic regression showed that ZFAS1and CDR1AS were both predictors for AMI using either non-AMI (Table 3) or HV (Table 5 ) as control. The multivariate logistic regression analysis further identified ZFAS1 and CDR1AS as an independent predictor for AMI (Tables 3b and 3d ). It is noted that the odd ratio (OR), a measure of association between circulating ZFAS1 level and AMI, for univariate analysis was < 1 (0.512, 95% CI: 0.324 ~ 0.809, P value = 0.0042; (either < 1 or > 1 indicates the existence of an association between circulating ZFAS1 and AMI. Particularly, the fact that P values for both univariate and multivariate analyses were < 0.05 (Tables 3a and 3b ) strongly support the view about the association between circulating ZFAS1 and AMI. The univariate analysis showed that the odds ratios (OR) were 1.831 (95% CI: 1.425 ~ 2.352) for CDR1AS (P < 0.0001) between AMI and non-AMI (Table 3) . The multivariate logistic regression analysis showed that the OR values were 3.989 (95% CI: 0.805 ~ 19.772 for CDR1AS (P = 0.0903) between AMI and non-AMI (Table 4 ). The univariate analysis showed that the OR values were 0.369 (95% CI: 0.227 ~ 0.597) for ZFAS1 (P < 0.0001) and 1.535 (95% CI: 1.207 ~ 1.952) for CDR1AS (P < 0.0005) between AMI patients and healthy volunteers ( Table 5 ). The multivariate logistic regression analysis showed that the OR values were 0.437 (95% CI: 0.186 ~ 1.028) for ZFAS1 (P = 0.0578) and 2.186 (95% CI: 1.281 ~ 3.730 for CDR1AS (P = 0.0041) between AMI patients and healthy volunteers ( Table 6 ).
Relation of ZFAS1 and CDR1AS to Conventional Prognostic Markers. In order to further evaluate the usefulness of circulating ZFAS1 and CDR1AS as AMI biomarkers, we tested whether their levels correlated with cardiac risk factors, conventional AMI markers, and cardiac function parameters. The data summarized in Table 7 show that ZFAS1 was negatively correlated with AST, LDH, and CK, HBDH, whereas CDR1AS was positively correlated with AST, LDH, and CK. Neither ZFAS1 nor CDR1AS was correlated with diabetes mellitus, hypertension, smoking history, or cardiac contractile and electrophysiological functions.
Reciprocal Changes of Circulating and Myocardial ZFAS1 and CDR1AS Levels in a Mouse Model of AMI. Next, we sought to see if the alterations of circulating ZFAS1 and CDR1AS in AMI patients could be reproduced in an experimental model of AMI with minimal confounding factors. RNA samples from whole blood and left ventricular myocardium of AMI mice and sham-operated control littermates were prepared at varying time points (1 h, 6 h, 12 h, 24 h). Real-time RT-PCR was carried out for changes of ZFAS1 and CDR1AS in AMI samples relative to control samples. As illustrated in Fig. 3 , the blood ZFAS1 levels in AMI mice were decreased at all time points tested in our study and in contrast CDR1AS levels were increased, consistent with the findings in AMI patients. Notably, statistically significant decreases in circulating ZFAS1 began as early as from 6 hour following LAD ligation, and similarly, significant elevation of CDR1AS occurred from 6 h after AMI. Intriguingly, the changes of the myocardial expression of ZFAS1 demonstrated the opposite direction to its circulating levels: the myocardium ZFAS1 level was markedly increased in AMI at all four time points examined (Fig. 3) . It is noted that the increases did not reach a statistical significant level until 6 h after AMI which lagged far behind its changes in the bloodstream. By comparison, the abundance of the myocardial CDR1AS expression followed the same direction of changes as its blood concentration, being upregulated in AMI relative to sham-operated control samples from 1 h after AMI (Fig. 3) . 
Discussion
Main Findings of the Study. We present here a study using whole blood samples collected from AMI patients at an average ischemic time of 3.5 h (~200 minutes) for early detection of circulating lncRNAs as potential biomarkers for AMI, by detecting the levels of 15 lncRNAs that are known to be relevant to cardiac development and cardiovascular disease. There a number of new findings in this study. (1) Of 15 known cardiac-relevant lncRNAs examined, ZFAS1 and CDR1AS are the only two that demonstrated significant differences in their expressions between AMI patients and healthy subjects, as well as between experimental AMI and sham-operated mice. Blood ZFAS1 and CDR1AS show reciprocal changes with ZFAS1 being decreased and CDR1AS increased in the settings of AMI. (2) Significant changes of ZFAS1 and CDR1AS in the bloodstream were detected at an average ischemic time of 3.5 h. (3) While either ZFAS1 or CDR1AS was found to be well correlated with AMI, the combination of the two or the reciprocal changes of the two gives higher power of sensitivity and specificity of prediction, representing the superior biomarker for AMI. (4) ZFAS1 and CDR1AS levels in the myocardium of AMI mice were both remarkably upregulated. Our findings indicate that circulating ZFAS1 and CDR1AS are predictors of AMI and expression deregulation of lncRNAs may be a new molecular mechanism for cardiac disorders. Previous Studies on Circulating LncRNAs and Cardiovascular Disease. LncRNAs are newly discovered class of gene expression regulators. These long non-coding RNAs have garnered tremendous research interest worldwide, not only because they have been shown to participate in a wide spectrum of biological processes but also because they have been characterized as potential biomarkers for human disease. Indeed, lncRNAs have been documented to be high stable and readily detectable in a number of human body fluids such as serum 13 , plasma [14] [15] [16] , saliva 17 , and urine 18, 19 . These properties of lncRNAs make them promising and attractive in the search of novel biomarkers in body fluid samples and noninvasive and rapid diagnostic tool for disease diagnosis and prognosis 25, 26 . During the course of the present study, a study on circulating lncRNAs as biomarkers for AMI was published 27 . This study compared the expression levels of 5 lncRNAs: aHIF, ANRIL, KCNQLOT1, MIAT and MALAT1. The levels of aHIF, KCNQLOT1 and MALAT1 were found increased in AMI relative to HV, whereas ANRIL level was decreased in AMI patients. In the present study, we focused our analysis on a selected set of lncRNAs (SRA,
ZFAS1 CDR1AS

DIO3OS, SAF, NESPAS, MIAT, NRON, ANRIL, ZFAS1, CDR1AS, CARL, HCG22, SENCER, FENDRR, MHRT, aHIF)
according to their cardiac-specific or cardiac-enriched expression using 103 blood samples from AMI patients, 149 samples from non-AMI control subjects, and 95 samples from healthy volunteers, in conjunction with blood samples from AMI mice. Among these lncRNAs, only ZFAS1 and CDR1AS were found significantly altered with ZFAS1 decreased whereas CDR1AS increased in their circulating levels in both human and mouse samples. The changes of circulating ZFAS1 and CDR1AS levels in a mouse model of AMI at 12 hours can be detected with confidence after AMI. By comparison, among the lncRNAs selected for examination only two are overlapped between our study and the study by Vausort et al.: MIAT and ANRIL. We did not find any statistical significant or biologically meaningful difference of MIAT levels between AMI and healthy subjects, which is consistent with the finding in the study by Vausort et al. On the other hand, Vausort et al. reported lower levels of ANRIL in AMI patients, but our study failed to identify any significant changes of blood ANRIL level in AMI. The discrepancy could be explained by the difference of timing for blood sample collection: in the study by Vausort et al. the blood samples were harvested at the time of reperfusion with an average of 5 h after chest pain onset while in our study the samples were collected at an average ischemic time of 3.5 h for early detection of lncRNAs for AMI. The difference in the ischemic time may give rise to different levels of a given lncRNA as Vausort et al. found that lncRNA levels are dynamically regulated after MI. An alternative explanation would be the different samples used for lncRNA detection: Vausort et al. used leukocytes while we employed whole blood samples. Furthermore, under our experimental conditions, ANRIL level in bloodstream was extremely low with PCR cycle number over 32 which was virtually null. Another possible explanation is that the patients enrolled into the study by Vausort et al. were taking a variety of preadmission medications, whereas the patients included in our study were all on the first visit to our hospitals in emergency due to their chest pain and subsequent diagnosis of AMI prior to any medications. Thus, our results were presumably unaffected by medications.
ZFAS1, zinc finger antisense 1, is a transcript antisense to the 5' end of the protein-coding gene Znfx1 and intronically hosts three previously undescribed C/D box snoRNAs (SNORDs): Snord12, Snord12b, and Snord12c. ZFAS1 was found extremely stable with a half-life of > 32 hrs in neuroblastoma cells 28 . ZFAS1 is highly expressed in the mammary gland and is down-regulated in breast tumors compared to normal tissue. CDR1AS is an antisense to the cerebellar degeneration-related protein 1, belonging to the class of circular RNAs 29, 30 . It is highly expressed in human brain, spinal cord, heart, lung, thymus and thyroid. In our samples, both ZFAS1 and CDR1AS are fairly abundant RNA species in myocardium and blood as well, according to the Ct values from qPCR assays. Either of these two lncRNAs was found to be a good predictor of AMI though the changes of their levels went the opposite directions in blood, and combination of the two increased the power of prediction.
Potential Significance of the Study. The discovery of deregulated lncRNAs not only sheds light on a new layer of regulatory network of human diseases, but it also opens up new opportunities for using these molecules as diagnostic markers and therapeutic targets. Our data suggest that lncRNAs as biomarkers can offer a number of advantages. First, they are sufficiently stable and can be readily detected in blood samples. Second, they can be quantified by highly sensitive methods such as PCR. Third, changes of lncRNAs in the blood may reflect the underlying mechanisms for the disease under detection. Our findings thus add that expression profiling and quantification of the lncRNA complement of the cardiac transcriptome in the systemic circulation will conceivably provide new venues for early diagnosis and treatment of the heart disease.
Possible Limitations of the Study. Our measurement was limited to only a subset of lncRNAs without global transcriptome profiling. The data acquired thus do not provide us the overall picture of lncRNA presentation in blood and myocardium of AMI patients, nor do they define the lncRNA signature in AMI patients. There is well a possibility that we have missed out other important lncRNA markers for AMI. Nonetheless, the lncRNAs selected for our study are those that have been shown to be able to cause cardiac disorders or are abundantly expressed in heart cells. Fortunately, we were able to identify from this small group two lncRNAs that offer reliable detection with high-sensitivity and reproducibility. There is a hope that using high-throughput methods would allow for identification of better lncRNA biomarkers for AMI in future studies.
Another limitation of the study is the unknown sources of ZFAS1 and CDR1AS in the blood stream. The release of RNA into the blood is thought to be related to the apoptosis and necrosis of cells and/or is the result of secretion from cells. LncRNAs are detectable in the serum and plasma, being surprisingly stable in spite of the fact that high amounts of RNases circulate in the blood stream, implying that these molecules may be protected from degradation by its packaging into microparticles, such as exosomes, microvesicles, apoptotic bodies, and apoptotic microparticles 31 . The reported RNA content of microvesicles and exosomes thus far includes primarily small miRNAs and long protein-coding mRNAs 32 . Finally, the control subjects (including both non-AMI and healthy populations) in our study were not examined for any AMI biomarkers. While such a criterion for inclusion of controls is expected to give rise to minimal confounding results, a concomitant limitation is the inability to compare with the established risk markers in our analyses. Nevertheless, comparison between our results and the published data on cTnI 33 , an established risk marker of AMI, indicates that ZFAS1/CDR1AS and cTnI share a similar predictive power as early markers for AMI. In our study, the area under ROC curve (AUC) between AMI and HV was 0.732, 0.657 and 0.752 for ZFAS1, CDR1AS, and ZFAS1 + CDR1AS, respectively; it is nearly identical to the AUC of 0.74 for cTnI.
Summary
Collectively, we detected 15 known cardiac -relevant lncRNAs for their levels in the blood samples of AMI patients, and found that only two of them, ZFAS1 and CDR1AS, demonstrated significant differences in their circulating levels between AMI patients and control subjects. Circulating ZFAS1 and CDR1AS showed opposite changes with ZFAS1 being decreased and CDR1AS increased in AMI. Moreover, while either ZFAS1 or CDR1AS was found to be well correlated with AMI, the combination of the two or the reciprocal changes of the two gives higher power of sensitivity and specificity of prediction, representing the superior biomarker for AMI. Our findings suggest circulating ZFAS1 + CDR1AS as a new biomarker of AMI.
Materials and Methods
Participants. Between February 2013 and November 2014, 138 AMI patients and 95 healthy volunteers (HV) and 149 non-AMI control subjects presented to the First Affiliated Hospital and the Second Affiliated Hospital of Harbin Medical University (Harbin, China). AMI was previously described 34, 35 : see supplementary methods. The healthy volunteers were recruited at the time of regular annual medical checkup and the non-AMI subjects were recruited from the patients who visited the First Affiliated Hospital and the Second Affiliated Hospital of Harbin Medical University with conditions other than AMI. The non-AMI subjects were recruited from the patients without AMI. All patients and control subjects included in our study belong to Han people (Han nationality). These patients were all on the first visit to our hospitals in emergency due to their chest pain and subsequent diagnosis of AMI prior to any medications to avoid their possible influence on study results. The clinical characteristics of the study population are summarized in Table S1 . Collection and Handling of Human Blood Samples. For lncRNA detection, whole blood (WB) samples (1 mL per patient) were drawn from the study subjects via a direct venous puncture into tubes containing sodium citrate. For AMI, peripheral blood samples were collected within an average ischemic time of 3.5 h prior to blood draw.
Ethical Approval of Studies and
Quantitative Real-Time Reverse Transcription (RT)-Polymerase Chain Reaction (PCR). Total RNA was isolated from 1 mL whole blood sample using phenol/chloroform extraction procedures and real-time RT-PCR was performed as described before 20, 21 . The PCR primer pairs are listed in Table S2 .
Animals. C57BL/6 mice ranging from 10 weeks to 12 weeks in age and weighed between 25-30 g each were provided by the experimental animal Center of Harbin Medical University. All experimental protocols were approved by the Ethnic Committee for Use of Animals Samples of the Harbin Medical University and the methods were carried out in accordance with the approved guidelines. And all the experiments were conformed to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996).
Acute Myocardial Infarction Model (AMI). AMI was induced by left anterior descending coronary artery (LAD) ligation, as described in our previous study 21 .
Collection and Handling of Mouse Blood Samples. Blood samples were drawn directly from mouse hearts, and the hearts were then dissected post AMI 12 h. These samples were immediately used for total RNA isolation as previously described 20 .
Statistical Analysis. Categorical data were presented with count and percentile. Continuous variables were described as means ± SD, min, max, median and interquartile range. The statistical analyses were described in detail in supplementary methods. All analyses were carried out with SAS 9.1 (Serial No. 989155) except that ROC was done with SPSS v17.0 software. The significant level was set at 0.05 and two-tailed P values < 0.05 were considered statistically significant.
